Using waterjet technology in orthopedic surgery can be beneficial as it allows flexible instruments to be developed that allow easy maneuvering in the tight spaces of a joint. Controlling the drilling depth is of utmost importance to ensure clinical safety. A method for controlling the depth is by adjusting the waterjet diameter. In this study, 120 holes were drilled in porcine femora with waterjet diameters of 0.3, 0.4, 0.5 and 0.6 mm at a pressure of 700 bar and a 5 second jet time. Hole depths, diameters and bone volume fraction (BV/TV) were determined using microCT scans. A significant linear correlation was found between the nozzle diameter and the hole depth (R 2 =0.84, p<0.001), which results in the predictive model: hole depth (mm) = 38 × nozzle diameter (mm) -5.5. The correlation found between the nozzle diameter and the hole diameter was significant, but less apparent (R 2 =0.56, p<0.001). The average BV/TV was 0.37 with a low standard deviation of 0.07. The results can be used as a first step in depth control for waterjet drilling in bone. However, additional research is required to determine the effects of variations in BV/TV of bone.
Introduction
Since its first application in 1970 by Hashish, purewaterjet technology has been used for machining various materials such as cardboard, dashboard and frozen food. Recently, the technology was introduced in medicine to selectively remove soft tissue but spare the stronger nerves or veins [1, 2] . Besides to the selectivity in soft tissue cutting, the tubing that is used in waterjet technology allows cutting and drilling instruments to be developed that are flexible. A flexible instrument can be advantageous over rigid instruments when e.g. curved path needs to be followed through narrow joints. Furthermore, in orthopedic surgery, holes are frequently drilled in hard bones for screw fixations and microfracturing treatments. Therefore, a flexible minimally invasive instrument that uses waterjet to machine the holes can be beneficial.
For the safe application of waterjets in orthopedics, control over the drilling depth is of utmost importance. The heterogeneous characteristics of bone tissue causes variations in the mechanical properties and thus in the drilling depth. For bone tissue, the mechanical properties are primarily determined by the bone volume fraction (BV/TV) [3] [4] [5] . A higher BV/TV increases the maximum tensile strength, compressive strength, modulus of elasticity and hardness, and thus its resilience to waterjets. Being a property of the bone, the BV/TV cannot be controlled, it can just be anticipated on. A setting that can control the drilling depth is the nozzle diameter: a larger waterjet diameter results in deeper holes. Although for many materials the influence of the waterjet diameter on the hole depth is known [6] [7] [8] , this has never been investigated for bone tissue. For orthopedic treatments, not overshooting both hole depth and diameter is of vital importance. Therefore, the goal of this study is to investigate the correlation between the waterjet diameter and the hole depth for known bone properties as a first step towards development of a depth control. As only a limited number of holes can be drilled in a bone, in this study only the influence of water jet diameter was investigated using constant water pressures, and the hole depths and diameters were measured.
Materials and Methods

Theoretical Influence of Nozzle Diameter
The drilling capacity of a waterjet is largely determined by the amount of water that hits the object. The total mass flow rate (kg/s) of water is given by equation (1) the effect on the drilling depth, the nozzle diameter also influences the hole diameter as the impact site is larger. Therefore, the nozzle diameter was varied.
Waterjet Setup
Waterjet drilling of bony tissue was performed with a custom-made setup that used a MTS model 311.21 tensile tester (HTS, Eden Prairie, Minnesota, Unites States of America) to compress a water filled cylinder (Holmatro HAC30S15, Glen Burnie, Maryland, USA) with a pressure of 295 kN, resulting in a water pressure of 70 MPa. Via a hose the cylinder was connected to a holder that allowed nozzles (sapphire orifices) with various diameters to be connected. A casing around the setup protected the environment from splashing water.
Specimens
Ten fresh frozen porcine femoral condyles were tested. The pigs were aged 3-4 months and weighed approximately 40 kg.
Experiment
Nozzle diameters of 0.3, 0.4, 0.5 and 0.6 mm were used to drill three holes per specimen (120 holes in total). All holes were drilled perpendicularly in the articular surface with a stand-off distance of 8 mm (Figure 1 ). During the experiment, both the nozzle and the specimen were situated underwater to mimic arthroscopic surgery. To prevent location based bias, holes were machined in a random order of sequence. 
Measurements
MicroCT scans were made of each specimen with a Scanco microCT80 scanner (Scanco Medical AG, Brüttisellen, Switzerland) with a spatial resolution of 37 micron. The hole depth and diameter were determined by measuring microCT scans with the open source software ImageJ version 1.46m [9, 10] and the Align3TP plug-in that was integrated in ImageJ. Each measurement was performed twice by two different subjects and averaged. The BV/TV was determined using the BoneJ plugin version 1.3.3 [11] for ImageJ at four different locations per specimen to get an estimate on the spread. The pressure was monitored with a KLPT-WH pressure transmitter (Koppen&Lethem, Newark, United Kingdom) to ensure constant pressure profiles.
Statistics
Pearson's correlation test was used to correlate the waterjet diameter to the hole depth and diameter in PASW Statistics version 18 (Armok, New York, USA) with a confidence interval of 95% (a = 0.05). The BV/TV was averaged and the standard deviation was calculated. 
Results
All nozzles were able to penetrate articular bone ( Figure  2) . A significant correlation was found between the waterjet diameter and the hole depth with a measure of linear dependence R 2 of 0.84 (p<0.001) (Figure 3 ). For the porcine bones that were tested, the hole depth can be predicted with:
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with both hole depth (depth hole ) and nozzle diameter (d nozzle ) in mm. A less apparent but still significant (p<0.001) correlation was found between the waterjet diameter and the hole diameter (R 2 = 0.56, p < 0.001), resulting in the following formula:
The average BV/TV was 0.37 with a standard deviation of 0.07. 
Conclusion
A significant correlation between waterjet diameter and hole depth was found. When similar relations can be found for other values of BV/TV, waterjet drilling could be a method to drill holes with controlled depths. Studies have shown that porcine femur bones have a BV/TV comparable to femur humans, both in means (0.26) and standard deviation (0.07) [12, 13] . To be able to apply water jet drilling in patients, it will be necessary to further investigate whether similar relations between nozzle diameter and hole depth can be found in human bone over a larger variation in BV/TV.
Even though a significant correlation was found between the nozzle diameter and hole diameter, the absolute difference in hole diameter for drilling with various nozzles is marginal. An increase in nozzle of 0.1 mm will result in a diameter that is approximately 0.3 mm larger. Hence, change in nozzle diameter can be used to control depth, while the hole diameter is hardly influenced.
This research should be considered as a first step in the application of waterjet technology in orthopedic surgery for treatments such a microfracturing, screw fixations an prosthesis revisions. To ensure full clinical safety, additional research is required including human bones having natural variations in bone properties. Currently, efforts are made to miniaturize the waterjet instrument, allowing pilot experiments to be performed for testing minimally invasive surgery.
